The observation of pups born from recipient and donor mice after ovariectomy followed by ovarian transplant poses the interesting possibility of an extraovarian source of oocytes. However, whether mammalian adult oocytes reside in extragonadal tissues remains elusive. Using transgenic fluorescent reporter mice and transplantation surgeries, we demonstrate the presence of both donorand recipient-derived corpora lutea and recovery of both donor-and recipient-derived offspring from ovariectomized mice after transplantation of donor ovaries. A potential region for extraovarian oocytes is the hilum, a ligament-like structure between the ovary and the reproductive tract. Immunofluorescent confocal microscopy of mouse ovaries and reproductive tracts revealed that a population of primordial follicles resides outside the ovary within the hilum. Ovariectomy-only controls confirmed that oocytes remain in the recipient hilum after surgery. These results provide evidence that the hilum is a reserve source of follicles, which likely return to the ovary for maturation and ovulation. By identifying a new follicle reservoir, our study addresses a long-standing question in reproductive biology and contributes to new conceptual knowledge about ovarian function and fertility.
Introduction
Ovary transplantation has been practiced for more than a century for both clinical and experimental purposes [1, 2] . It was first attempted to help infertile women by transplanting ovaries in orthotopic and heterotopic sites. The aim of heterotopic transplants was purely to restore hormone production (before exogenous hormonal treatment methods were developed), while orthotopic transplantation aimed to reverse female infertility by directly replacing the source of oocytes. Ovarian transplantation, as well as ovarian cryopreservation, has gained more attention recently since the common use of chemo-and radiotherapy in cancer treatment regularly causes widespread infertility in patients of reproductive and even pre-reproductive ages [3] . In addition, ovary transplantation has served as a valuable technique in experimental endocrinology and pathology studies using animal models (reviewed in [1] ) to investigate multiple aspects of female reproductive biology, including ovarian aging; angiogenesis; cryopreservation; luteolysis; innvervation; sexual differentiation; steroidogenesis; tumorigenesis; and for rescuing lethal mutations in mouse lines [4] [5] [6] [7] [8] [9] [10] [11] .
Oocytes begin as primordial germ cells (PGCs), which travel from the proximal epiblast through the developing gut, and colonize the gonadal primordium around E10.0-10.5 in mice (reviewed in [12] ). During both migratory and postcolonization phases, PGCs express markers such as Pou5f1-GFP (green fluorescent protein; also known as Oct4-GFP-PE or Oct4-GFP-TgOG2) [13] and KIT proto-oncogene receptor tyrosine kinase (KIT; also known as C-KIT) [14] [15] [16] . Between E11.0 and E12.5, PGCs exit their pluripotent, migratory state and acquire competence to initiate sexual differentiation; they begin to express germ cell/oocyte markers such as DEAD (Asp-Glu-Ala-Asp) box polypeptide 4 (DDX4; also known as Mouse Vasa Homolog, MVH) [17, 18] , Cadherin 1 (CDH1; also known as E-Cadherin) [19, 20] , and TRA98 [21] , and enter meiosis starting at around E13.5 in female embryos.
By the first 3 days after birth in mice, a dramatic reorganization of ovarian morphology occurs, in which single oocytes become enveloped by a somatic epithelial monolayer of flattened, squamous pregranulosa cells [22, 23] , the latter of which are characterized by their expression of Forkhead box L2 (FOXL2) [24] . These definitive primordial follicles are separated from the somatic compartment by a basement membrane surrounding the pregranulosa cells. At the same time, there is a reorganization of the ovary into morphological compartments: the cortex, where the primordial follicles largely reside; and the medulla, which contains neurons, vasculature, and lymphatic vessels [22, 23] . In contrast to male germ cells, proliferation of female germ cells only occurs during embryogenesis, although studies have reported that germ cell proliferation can occur in ovaries after birth [25, 26] . It has long been thought that ovaries have a finite number of oocytes, which, after reaching their peak number in late fetal stages, gradually and steadily decline in number throughout life [27] . Once the ovarian cycle begins, some primordial follicles are recruited to develop into primary, secondary, and antral follicles, while other primordial follicles remain quiescent until later maturation and ovulation [22, 28] .
In ovarian transplantation, the source of oocytes, either from grafted or native ovarian tissue, is not always distinguishable. Autografts preclude the ability to identify the source of the oocytes, and heterotopic transplants were performed only to restore hormone production before the emergence of in vitro fertilization technology. In orthotopic transplantation, the origin of offspring (i.e., recipient versus donor) could be determined when the recipient was phenotypically or genetically distinguishable from the donor. Studies using orthotopic transplantation found that offspring were derived from both the donor and the recipient. In some of these studies, a portion of the recipient ovary was kept to facilitate the grafting [29, 30] , suggesting that offspring were derived from remnant recipient oocytes; however, in other studies, the recipient ovaries were completely removed [31, 32] , indicating there were other sources of recipient oocytes contributing to the grafted ovary. These observations raised the question of the source of recipient oocytes. The finding of recipient-derived offspring in ovarian transplantation experiments, even though the recipient ovaries were removed, indicates that there is a source of extraovarian oocytes; however, there is open debate regarding the existence of germ cells outside the normal ovarian domain.
The most proximal periovarian tissue is the hilum, which is a ligament-like region that physically connects the ovary to the rest of the reproductive tract and serves as a conduit for nerves, blood vessels, and lymphatic vessels. In particular, the ovarian artery passes through the suspensory ligament and enters the ovary through the hilum. In mice, the hilum forms the border between the ovary and the ovarian ligament, the latter of which structurally connects the ovary to the body of the uterus immediately posterior to the opening of the uterine tube [33] . While the hilum has structural roles, little is known about its biological function; however, a recent publication showed that the hilum region is a previously unrecognized stem cell niche for the ovarian surface epithelium in mice [34] .
To identify the source of recipient oocytes in ovary transplantation, we performed ovary transplantation between wild-type mice and mice with fluorescently labeled cells (ubiquitous membrane tandem dimer Tomato (tdTomato) expression; ROSA mT mice) to determine whether resultant offspring were derived from the recipient or the donor. Recipient ovaries were carefully removed to eliminate any remnant from the recipients, and ovariectomized females without grafting became infertile. After transplantation, offspring of transplanted females were a mix of both tdTomato-positive and tdTomato-negative (i.e., a mix of recipient-and donor-derived) pups. Analyses of ovaries and the hilum region in mice of various ages revealed that a population of oocytes resides in the hilum outside the ovarian domain. Markers of oocytes and granulosa cells identified hilum-localized germ cells as residing within primordial and primary follicles. We further showed that grafted ovaries contained corpora lutea derived from both recipient and grafted oocytes, suggesting that recipient follicles residing in the hilum could be activated and incorporated into the transplanted ovary to develop and mature. Our results suggest that there is a unique source or reserve of oocytes in the ovarian hilum, which could explain how recipientderived offspring result after ovariectomy and ovarian transplantation. The finding of extraovarian oocytes will help us better understand germ cell and ovarian development and has implications for our knowledge of female reproductive biology.
Materials and methods

Animals
All mice used in the current study were housed in the animal care facility at Cincinnati Children's Hospital Medical Center according to NIH and institutional guidelines for laboratory animals. All protocols of the present study were approved by the Cincinnati Children's Hospital Research Foundation Institutional Animal Care and Use Committee. Mice were provided with autoclaved rodent Lab Diet 5010 (Purina, St. Louis, MO, USA) and ultraviolet light-sterilized RO/DI constant circulation water ad libitum. Outbred CD-1 mice (Charles River, Wilmington, MA, USA) were used as wild-type mice for immunofluorescence analyses. C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME, USA) were used for germ cell quantification (see below 
Ovary transplantation and ovariectomy
Ovarian transplantation was performed as previously described [30] . In brief, ovaries were collected from 2-to 4-week-old females of either WT or homozygous ROSA mT mice and kept in cold phosphatebuffered saline (PBS). Recipient females at 6-8 weeks of age were anesthetized and a single longitudinal incision was made on the lumbar area to expose the subcutaneous tissue over the ovary. A small incision was made on the fascia and muscles immediately above the ovary, thereby exteriorizing the recipient's reproductive tract. One or two drops of epinephrine (100 μg/ml; Daiichi Pharmaceutical Co., Ltd., Tokyo, Japan) were applied to the ovarian bursa to prevent bleeding. A small slit was made on the ovarian bursa to expose the ovary and the recipient's ovaries were removed. Freshly collected donor ovaries were orthotopically transplanted into recipient females. The bursal membrane was closed with tweezers without suturing, and the reproductive tract was returned to the abdominal cavity. The muscle was sutured and the skin incision was closed with clips. Ovariectomy was also performed using the same procedure except for transplantation of donor ovaries.
Mating and genotyping
Recipient female mice were allowed to recover for 3 weeks after surgery and were then paired with male WT mice. Successful mating was confirmed by the presence of vaginal plugs, and pregnant females were housed individually. If no vaginal plug was detected, pairing was continued for up to 2 months. The number of recipients that gave birth to pups and number of pups born alive were recorded. The tails of the pups were cut and examined under a fluorescent microscope for red fluorescence in order to determine oocyte origin. The tail tissue was then digested in tail lysis buffer and genotypes were confirmed by polymerase chain reaction (PCR), as suggested by Jackson Laboratory using primers CTCTGCTGCCTCCTGGCTTCT (oIMR7318), CGAGGCGGATCACAAGCAATA (oIMR7319), and TCAATGGGCGGGGGTCGTT (oIMR7320) to detect ROSA mT (250 bp) and wild-type (330 bp) alleles. After the third litter, recipients were sacrificed and ovaries (and associated reproductive tract structures; see below) were collected.
Immunofluorescence and immunohistochemistry
Tissues were dissected in PBS; during dissection, the associated hilum and oviduct/uterine tissues (about 1-2 mm of uterus was left attached to the ovary) were intentionally included and were left connected to the ovary throughout tissue processing. For immunofluorescence, ovaries and associated tissues were fixed in 4% paraformaldehyde (PFA) with 0.1% Triton X-100 overnight at 4
• C, processed for cryosectioning (20-μm sections), and stained using a previously described method [37] , except for HSD3B1 (hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid delta-isomerase 1). HSD3B1 staining was performed on PFA-fixed paraffin-embedded sections (5-μm sections); after deparaffinization and hydration, sections were subjected to antigen retrieval by autoclaving in 10 mM sodium citrate solution (pH = 6.0) for 10 min, as previously described [38] . tdTomato signals were visualized directly under a fluorescence microscope after mounting. Nuclear staining was performed using 2 μg/ml Hoechst 33342 (H1399, Molecular Probes/Thermo Fisher, Waltham, MA, USA). Samples were mounted in Fluoromount G (Southern Biotech, Birmingham, AL, USA) and imaged on an Eclipse TE2000 microscope (Nikon, Tokyo, Japan) equipped with an OptiGrid structured illumination imaging system running Volocity software (PerkinElmer, Waltham, MA, USA). Primary antibodies used are listed in Supplemental Table S1 . Donkey Alexa-647, Alexa-555, and Alexa-488 anti-goat/rabbit/rat secondary antibodies (Molecular Probes/Thermo Fisher, Waltham, MA, USA) were used at 1:500. Dy-Lite 488 donkey anti-chicken and Cy3 donkey anti-rat secondary antibodies (Jackson Immunoresearch, West Grove, PA, USA) were used at 1:500. For 3D immunofluorescent analyses, ovary-hilum-uterine tissues were dissected and fixed as described above. Tissues were then washed in PBS with 1% Triton X-100; all subsequent incubations were performed in solutions containing 1% Triton X-100. Samples were incubated with primary antibodies (goat anti-KIT and rabbit anti-DDX4) rocking for 3 days at 4
• C and washed for 3 days at 4
Samples were then incubated with secondary antibodies (donkey Alexa-594 anti-goat, Molecular Probes/Thermo Fisher, and donkey Cy2 anti-rabbit, Jackson Immunoresearch) rocking for 3 days at 4
• C and washed again for 3 days at 4
• C. Samples were cleared with refractive index matching solution (RIMS [39] ) overnight at room temperature and mounted on slides in RIMS using modeling clay as spacers. Images were obtained on an A1R upright confocal microscope (Nikon, Tokyo, Japan) up to a depth of 250 μm into the tissue. For immunohistochemistry, ovary-hilum-uterine tissues were dissected as described above for immunofluorescence. Tissues were fixed in 10% neutral buffered formalin and embedded in paraffin for hematoxylin/eosin staining and anti-DDX4 staining in adjacent serial 5-μm sections. Antigen retrieval using autoclave heating was performed as described above for HSD3B1 immunofluorescence. A Histostain-Plus (DAB) kit (Invitrogen) was used to visualize specific antigens. Bright-field and immunohistochemistry slides were imaged on an Eclipse E800 microscope equipped with a DXM1200 camera (Nikon, Tokyo, Japan).
Germ cell quantification
To quantify cells in the hilum region, the entire ovary-hilum-uterine junctions of 3-month-old adult C57BL/6J females (n = 5) were cryosectioned. Tissue was processed as described above for immunofluorescence. Approximately, 50-60 20-μm sections were required to obtain the entire hilum-ovary junction. The whole structure was sectioned to quantify germ cells because we consistently observed that oocytes were not uniformly distributed throughout the hilum, but rather were predominantly clustered in one particular region. Sections were stained with anti-KIT and anti-DDX4 antibodies to detect oocytes, which are uniquely KIT/DDX4 double-positive, and oocytes were imaged (as described above) and manually counted. Germ cell counts were represented as total germ cells +/-SD. High-magnification bright-field images of ovary/hilum area (black box in B'), tdTomato-positive corpus luteum (red box in B'), and tdTomato-negative corpus luteum (blue box in B'). Scale bar, 500 μm.
Results
Ovariectomized females with ovarian transplantation produce pups derived from both recipient and donor oocytes
To study the origin of oocytes after ovary transplantation, donor ovaries from 4-week-old homozygous mice with ubiquitous membrane-targeted tdTomato expression (ROSA mT ) were retrieved and orthotopically transplanted into wild-type (WT) recipients at 6-8 weeks of age. Three weeks after the surgery, recipients were mated with WT males. Three litters of progeny were generated by each recipient, and genotypes of all progeny were examined. Oocytes from homozygous ROSA mT donors will generate ROSA mT/+ heterozygous pups, in which all tissues emit red fluorescence, whereas oocytes from WT recipients will generate WT (nonfluorescent) pups. We found that WT females with transplanted ROSA mT ovaries produced progeny from oocytes derived from both donors and recipients ( Figure 1A ). We confirmed genotypes of offspring by Tomato fluorescence and PCR for the presence or absence of the ROSA mT locus (Supplemental Figure S1 ). In litters produced by the ovariectomized (OVX) and transplant-receiving females, the percentage of progeny derived from recipient oocytes ranged from 39% to 59%, and showed a slight decrease in recipient-derived offspring with each successive litter (up to three litters). These results suggest that besides donor oocytes, oocytes of recipient origin develop into live animals, which is consistent with previous reports [31, 32] . Since the corpus luteum is derived from remnant follicular cells after ovulation, it has the same origin as the oocyte ovulated from the follicle; therefore, we can use the corpus luteum as an indicator of the oocyte's origin. An examination of grafted ovaries from recipients on day 17 of pregnancy corroborated our observation in live litters: in a ROSA mT recipient receiving a WT ovary transplant, both tdTomato-positive and tdTomato-negative corpora lutea were observed ( Figure 1B ), demonstrating that oocytes that underwent ovulation were a mix of both donor and recipient origin. We achieved similar results regarding litter composition using ROSA mT donors and WT recipients ( Figure 1A ) as compared to WT donors and ROSA mT recipients ( Figure 1B ).
One potential explanation for this phenomenon could be that the ovariectomy was not complete, such that sufficient recipient ovarian oocytes were left behind to support fertility. To test this hypothesis, fertility of OVX WT females without ovary transplantation was examined. None of the 12 OVX females produced any pups, while 83% (10/12) of ovariectomized females that received a transplant were fertile and gave birth to live pups (Table 1 ). These data suggest that oocytes from recipients remained after ovariectomy and are able to develop into live animals only in the presence of donor ovarian tissue.
Germ cells are located in the hilum region outside the normal adult ovarian domain
Our results suggested that germ cells residing outside of the ovary gave rise to the observed recipient-derived offspring after ovarian transplantation. Therefore, we examined tissues adjacent to the ovary for the presence of extraovarian germ cells. The most proximal tissue bordering the ovary is the hilum region, which structurally connects the ovary to the rest of the reproductive tract and serves as a gateway for vasculature, nerves, and lymphatic vessels. We consistently observed cells outside of the ovary in the hilum that coexpressed multiple germ cell markers, such as KIT, Pou5f1-GFP, CDH1, TRA98, and DDX4 (Figure 2A and B), suggesting that there are indeed germ cells localized outside the normal ovarian domain.
To confirm that the region where these germ cells were located was the hilum, we used ACTA2 (actin, alpha 2, smooth muscle, aorta; also known as alpha smooth muscle actin) to label the smooth muscle which comprises this ligament-like structure. Whereas ACTA2 staining was limited to perifollicular regions within the ovary proper, it strongly labeled muscular bundles within the hilum. We observed that germ cells were located within these muscular structures in the hilum ( Figure 2C ); in contrast, primordial follicles in the ovarian cortex were not surrounded by ACTA2-positive staining and were generally in ACTA2-poor regions of the ovary (Supplemental Figure S2) , suggesting that hilum-localized germ cells are in a unique region of the reproductive system relative to ovarianlocalized germ cells. To confirm further that these cells are indeed germ cells, we examined Atm-deficient ovaries, which lack germ cells due to massive apoptosis of oocytes late in embryogenesis [36, 40] , and we did not detect any germ cells in the ovary or in the hilum region ( Figure 2D ).
To address directly our earlier results in which recipient-derived offspring were born after ovariectomy and ovary transfer, we examined ovariectomized females for the presence of germ cells in the hilum after ovary removal. We consistently observed germ cells in the remaining hilum region ( Figure 2E and F) , which was confirmed by the strong expression of ACTA2 in muscular bundles. It is likely that these remaining germ cells in the hilum after ovariectomy gave rise to the observed recipient-derived offspring.
Results from our transplantation assays indicated that there is a potentially significant population of germ cells outside of the ovary. Sectioning through the entire ovary-hilum-uterine junction of C57BL/6J adult females (n = 5) and counting DDX4+/KIT+ cells revealed that there are 169.0 +/-33.8 oocytes in the hilum region (which includes those within primordial and primary follicles). However, given the large size of oocytes (oocytes within primordial and primary follicles average about 10-20 and 30 μm in diameter, respectively, in mice [41] ), it is highly likely that individual oocytes are present in more than one section; therefore, the number of hilum-localized germ cells is likely closer to 50-100 oocytes. To further verify the location of oocytes, we performed 3D analyses of whole-mount ovary-hilum samples, which revealed KIT+/DDX4+ germ cells within the hilum ( Figure 2G ; Supplemental Movie S1). The identity of the hilum was confirmed by the presence of KIT+/DDX4-cells with a ramified morphology, which represent a hematopoietic lineage exclusive to the hilum (discussed in more detail later in this study).
Primordial follicles reside in the hilum
To assess further the identity of the hilum-localized germ cells, we examined their association with granulosa cells. Using FOXL2 as a marker of granulosa cells, we observed that most germ cells in the hilum region were enveloped by a single layer of flattened FOXL2-positive cells ( Figure 3A) , consistent with primordial follicles. In addition, most of these follicles did not express anti-Mullerian hormone (AMH), which turns on upon activation to primary follicle status [42] [43] [44] , suggesting that the hilum region contains mainly primordial follicles. However, we regularly observed a small subset of hilum follicles expressing AMH ( Figure 3B ), demonstrating that follicles located within ACTA2-positive hilum regions could undergo activation and transition from primordial follicles to primary follicles. Consistent with our data showing that hilum-localized germ cells are oocytes within defined follicles (as opposed to PGCs), they did not express POU5F1 (also called OCT4) or SOX2 proteins ( Figure 3C and D), which are expressed in and limited to PGCs in fetal ovaries (Supplemental Figure S3) . Hematoxylin/eosin staining revealed that hilum-localized cells possessed a unique cellular size and morphology characteristic of oocytes within follicles; adjacent serial sections stained with anti-DDX4 via immunohistochemistry confirmed that cells of interest within the hilum were indeed oocytes ( Figure 3E and F).
Our analyses revealed that follicles in the hilum region can become activated, transition to primary follicles, and express AMH. However, we failed to detect HSD3B1 (3β-HSD)-positive theca cells, which begin to arise in growing secondary follicles [22, 45, 46] , in the hilum region (Supplemental Figure S4) ; therefore, no follicles at secondary stage or later were observed in the hilum.
Hilum germ cells are observed at multiple stages and are maintained throughout the reproductive lifespan At 3 and 5 weeks of age, we observed germ cells outside of the ovary within ACTA2-dense regions ( Figure 4A and B) ; therefore, prior to sexual maturity, germ cells can localize within the hilum. Additionally, we observed hilum germ cells at 2, 3, and 6 months of age ( Figure 4C-E) , demonstrating that hilum follicles are maintained throughout adult reproductive life; however, we observe fewer follicles in the hilum at 6 months relative to younger ovaries at 2 or 3 months old. At all stages, however, we observed that germ cells, even within the ovary proper, were enriched at the base of the ovary near the ovarian-hilum junction (see also Figure 2A and B), suggesting that the environment near the hilum is particularly amenable to the maintenance of primordial oocytes. The ovarian hilum contains KIT-positive hematopoietic-derived cells
In our analyses, KIT-positive cells were present in the hilum region in greater numbers than cells labeled by other germ cell markers (e.g., DDX4 or TRA98; see also Figure 2C ); therefore, it is likely that there were KIT-positive nongerm cells in the hilum. KIT is also expressed by hematopoietic-derived cells, such as hematopoietic stem cells and mast cells [47] [48] [49] , so we labeled all hematopoietic-derived cells using the pan-hematopoietic marker CD45 (official name is PTPRC). We observed that KIT-positive cells that expressed germ cell markers, such as DDX4, did not stain positive for CD45; however, many KIT-positive cells that were negative for germ cell markers all were labeled by CD45, indicating that a subset of KIT-positive cells in the hilum are a type of immune cell (Supplemental Figure S5) . These CD45-positive cells did not express markers for myeloid cell types, including macrophages (F4/80), granulocytes (ITGAM, also known as CD11b, which is also expressed in other myeloid cells), or neutrophils (LY6G, also known as Gr-1) (Supplemental Figure S6 ), suggesting that they may be mast cells. Consistent with a mast cell identity, these cells also expressed CDH1 (E-cadherin) [50] , although generally not as strongly as germ cells (Supplemental Figure S6) . These CD45/KIT double-positive hematopoietic-derived cells were limited to the hilum, including in regions close to the junction with the ovary, but were not observed in the ovary proper (Supplemental Figure S7) ; consistent with our results, previous studies have reported that mast cells are restricted to the hilum in rodents [51] .
Discussion
It is well accepted that oocytes are maintained and mature within the ovary, once PGCs colonize the developing gonad at around E10.0-10.5 in mice [52, 53] . Our study showed that oocytes at primordial and primary follicle stages are present in the connective tissue of the hilum region. In a previous report, there was a brief mention of the presence of follicles near the hilum of the late postnatal and adult rat ovary, based on histological observations [54] . Our study, using multiple molecular markers, definitively shows that oocytes reside outside of the mouse ovary within the hilum region and that FOXL2-positive granulosa cells encase oocytes within primordial follicles in the hilum region. These observations provide evidence that the hilum is a potential reservoir for oocytes throughout the reproductive lifespan. The lifespan of a follicle stored in the hilum region is not known. Since no secondary or more advanced follicles are observed in this region, it is possible that the hilum region is not conducive to advanced follicular development, and follicles need to migrate (either passively or actively) back to the ovary to further develop and to ovulate; it is unlikely that dense, muscular hilum tissue is amenable to ovulation as compared to the ovarian surface epithelium. Therefore, the hilum region could merely provide a temporary storage space for primordial follicles and effectively serve as an on-demand reserve of oocytes. Multiple methods of ovary transplantation have been used in the literature, some of which can potentially result in incomplete removal of the recipient ovary. When the origin of oocytes is not a concern, a small portion of the recipient ovary is intentionally left in situ to facilitate regeneration of blood supply into the grafts [30] , which usually results in a better establishment of the grafts compared with complete ovariectomy. In the current study, ovariectomy was performed using an established method [31, 55] , in which the ovary was exposed completely before excision and ovarian tissue was completely removed. Although this method seeks to ensure that the host ovaries are completely excised, contamination from small pieces of remnant host ovary is still a possibility. To confirm clean excision of the host ovary, we examined the fertility of ovariectomized females. Our data showed that all ovariectomized females without ovary transplant were infertile, suggesting the ovarian remnant, if any, is not able to support fertility. A caveat of this control experiment is that, while at least enough ovarian tissue was removed to prevent normal fertility without donor ovarian tissue, it cannot be determined definitively (especially retroactively after transplantation) whether ovariectomy was truly complete. However, we showed that the only remaining tissue in ovariectomized control samples immediately after surgery is ACTA2-bright, consistent with hilum tissue and not ovarian tissue, suggesting that ovariectomy was complete.
Our study not only revealed a previously unidentified location for follicles, but also raises a precaution when ovary transplantation is used to prove ovarian fertility or to rescue a strain of mouse. Phenotypically or genetically distinguishable hosts and ovary donors, as well as careful genotyping of live young, are indispensable in identifying the source of oocytes and should be an essential part of the process. A certain way of eliminating the host oocytes is by X-irradiation to eradicate the remaining germ cells [8] , which should ensure that all resultant offspring are derived from the donor ovary, but this process may also interfere with fertility.
How large a role hilum-localized germ cells play in normal ovaries is unclear. According to studies using different quantification methods, the adult (either 70-or 100-day-old) mouse ovary contains approximately 1900-2200 primordial follicles [56, 57] . Therefore, our estimates that approximately 50-100 hilum-localized oocytes (mostly in primordial follicles) are located in the hilum indicate that only a small percentage (approximately 2%-5%) of germ cells reside outside the ovary. It is possible that in a transplantation context, in which many of the donor ovarian oocytes degenerate and are lost due to the healing process caused by the surgery, the number of hilum-localized germ cells may simply be overrepresented in number relative to normal conditions. Additionally, since they are part of the recipient host, hilum oocytes are still in proximity to intact blood vessels and other structures or cell types required for survival and initial follicular development; on the other hand, donor oocytes are in an ovary that must re-establish vascular and cellular connections, a process that is likely slow and imperfect and may hinder the follicular maturation of donor oocytes.
Our data show that the hilum-localized oocytes are mostly primordial follicles, containing FOXL2-expressing granulosa cells in the same fashion as ovary-localized oocytes, despite otherwise residing within ACTA2-rich muscular tissue in the hilum. Therefore, these data are consistent with the idea that only the immediate granulosa cell microenvironment is critical for the long-term maintenance of primordial oocytes. Our results also show that initial activation to primary follicles can also occur in the hilum. However, further maturation of follicles (e.g., to secondary follicles and steroidogenic phases) is not observed in the hilum, suggesting that the normal ovarian environment is critical for advanced follicular development. Once follicles mature, enlarge, and express steroidogenic enzymes, they are incorporated into the main body of the ovary; this movement back into the ovary could potentially occur passively or, alternatively, actively through migration. A requirement for ovarian cells for the maturation of hilum-localized follicles may be due to the fact that, upon maturing to secondary follicles, stromal cells need to be recruited to the follicle to produce theca cells. These requisite stromal cells are likely not found or are rare within the hilum. Therefore, some chemotactic mechanism is likely used, in which either the developing hilum follicle is recruited into the ovary or in which stromal cells from the ovary are recruited into the hilum; the latter scenario would effectively alter or blur the border between ovary and the hilum, suggesting that the ovary is a more fluid and dynamic structure than previously appreciated.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Genotyping data for litter of offspring obtained after ovariectomy and ovarian transplantation. Agarose gel electrophoresis of PCR results from tail DNA of a litter of pups (#5663-5672) obtained from a wild-type female that received a ROSA mT ovarian transplant and was subsequently mated to a wildtype male (same experimental design as in Figure 1A ). Asterisks denote pups that are heterozygous for wild-type (330 bp) and ROSA Supplemental Movie S1. 3D immunofluorescent imaging of whole-mount ovary-hilum tissue reveals oocytes in the hilum. Movie of 3D confocal imaging of 250 μm deep into the ovary-hilum junction. Ovary-hilum tissue was labeled with anti-DDX4 (red) and anti-KIT (green) antibodies. Blue dots in movie represent DDX4/KIT double-positive oocytes. Other KIT-positive, DDX4-negative cells represent mast cells, which are exclusive to the hilum. In still image, dotted line represents ovary-hilum border, while arrows and bracket mark oocytes.
Supplemental
Supplemental Table 1 . Primary antibodies used for immunofluorescence. List of primary antibodies used for immunofluorescence analyses. Dilutions used and source of antibody are listed.
